Background: Although nitric oxide inhibits ␤-cell function, the impact of superoxide on nitric oxide signaling remains unknown. Results: Superoxide produced within ␤-cells inhibits nitric oxide-dependent responses, whereas extracellular generation does not.
Type 1 diabetes is characterized by the selective destruction of insulin-producing ␤-cells. Inflammatory cytokines, such as IL-1, released from infiltrating macrophages and leukocytes have been shown to induce ␤-cell damage and are believed to participate in the loss of ␤-cell mass during diabetes development (1) . The mechanisms responsible for mediating cytokine toxicity involve the formation of micromolar levels of nitric oxide by the inducible nitric oxide synthase (iNOS 3 or NOS2) using arginine as a substrate. Nitric oxide inhibits mitochondrial oxidative metabolism, causing a decrease in the synthesis of ATP, and this is responsible for the inhibitory actions of cytokines on insulin secretion (2) (3) (4) . Inhibitory actions of cytokines on mitochondrial oxidation and insulin secretion can be prevented with NOS inhibitors (5) . Also, islets isolated from iNOS-deficient animals are resistant to cytokine-induced toxicity (6) . In addition to nitric oxide, reactive oxygen species (ROS) have been suggested to contribute to the destruction of pancreatic islets in type 1 diabetes (7) (8) (9) . ROS can be formed enzymatically by NADPH oxidases (10) , by uncoupled endothelial NOS (11) , and by respiratory chain complexes due to electron leaks (12) . When produced at physiological levels, ROS, such as superoxide anion and hydrogen peroxide, can function as signaling intermediates in response to growth factor stimulation as well as cytokine exposure and have been reported to regulate insulin secretion and insulin action (13) . In contrast, excessive formation of ROS has been proposed to contribute to the destruction of pancreatic ␤-cells during the development of type 1 diabetes (14, 15) . It is well known that ROS and RNS interact. One example is the diffusion-controlled reaction of superoxide with nitric oxide forming peroxynitrite (16) , and studies have reported that this powerful oxidant may participate in the pathogenesis of diabetes (17) (18) (19) .
Pancreatic ␤-cells are often described as vulnerable to oxidant-induced damage due to low levels of catalase and glutathione peroxidase, enzymes that detoxify hydrogen peroxide (20 -22) . However, these cells express detectable levels of superoxide dismutase and several other antioxidant enzymes including thioredoxin, thioredoxin reductase, glutathione reductase, glutaredoxins, and peroxiredoxins (23, 24) . The differential expression of various antioxidant genes suggests that ␤-cells may be acutely sensitive to some oxidants but resistant to others depending on the chemical nature of the specific reactive species. Here, we examined the sensitivity of pancreatic ␤-cells to various forms of ROS and RNS and show, surprisingly, that ␤-cells are resistant to peroxynitrite-induced damage. ROS and RNS modify ␤-cell function and viability, and both forms of reactive species are capable of differentially activating signaling cascades; however, the fate of the ␤-cell is controlled by the location in which ROS or RNS are generated. We report here that the extracellular production of superoxide does not modify the response of ␤-cells to nitric oxide. In contrast, when produced within ␤-cells, superoxide functions to scavenge nitric oxide and thereby attenuates nitric oxide-dependent responses of ␤-cells.
EXPERIMENTAL PROCEDURES
Materials-RPMI 1640 tissue culture medium was purchased from Gibco, and FBS was from HyClone (Logan, UT). DPTA/NO and SIN-1 were obtained from Cayman Chemical (Ann Arbor, MI). All other chemicals were of analytical grade and were purchased from Sigma-Aldrich.
Cell Culture-INS832/13 cells were cultured in RPMI supplemented with 10% FBS, 2 mM glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 50 g/ml ␤-mercaptoethanol, 100 units/ml penicillin, and 100 g/ml streptomycin (complete medium). Cells were maintained at 37°C under an atmosphere of 95% air and 5% CO 2 . For real-time monitoring of peroxynitrite, ␤-cells were washed to remove the tissue culture media and then cultured in Dulbecco's phosphate-buffered saline containing glucose (5.5 mM) and pyruvate (0.33 mM).
ROS and RNS Treatments-Insulinoma cells were exposed to reactive species in complete RPMI 1640 tissue culture medium. The nitric oxide donor DPTA/NO has a half-life of 3 h under cell culture conditions (37°C, pH 7.4) and liberates two molecules of nitric oxide per molecule of parent compound. Administration of 500 M DPTA/NO results in the flux of nitric oxide of ϳ3.8 M/min. SIN-1 generates equimolar amounts of superoxide and nitric oxide that rapidly react to form peroxynitrite. The calculated maximal flux of peroxynitrite is ϳ1.8 M/min for 250 M SIN-1 under the cell culture conditions used in this study. Menadione is a quinone that produces superoxide by intracellular redox cycling using the cytosolic enzymes NAD(P)H quinone oxidoreductase and NADPH-cytochrome P450 reductase (25) . We have demonstrated previously that the addition of menadione results in intracellular superoxide generation in pancreatic ␤-cells (26) .
Viability-Cell viability was measured using the neutral red dye uptake assay as described previously (27, 28) . Briefly, INS832/13 cells were cultured on 96-well plates in 100 l of complete medium. After the treatment, the medium was replaced with complete culture medium containing 40 g/ml neutral red, and the cells were incubated at 37°C for 1 h. The medium was then removed, and cells were fixed with formaldehyde (1%, (v/v) in 1% CaCl 2 ). Neutral red was extracted from the cells in 100 l of 50% ethanol containing 1% acetic acid (v/v). The absorbance was read at 540 nm, and viability was calculated based on the uptake of neutral red by untreated cells.
Nucleotide Measurements-HPLC was used to quantify the cellular levels of ATP and NAD ϩ as reported previously (29, 30) . Nucleotides were extracted by perchloric acid precipitation (31) , and solvent A (75 l; 0.1 M potassium phosphate and 4 mM tetrabutylammonium bisulfate (pH 6.0), diluted 64:36 in water (v/v)) was added to supernatants. Precipitated protein was isolated by centrifugation and solubilized in 0.5 N NaOH (200 l), and protein concentrations were determined using the Bradford assay (32) . HPLC analysis of nucleotides was performed on a Kinetex C18 column (2.6 m, 100 ϫ 4.6-mm internal diameter) following previously published methods (29) . ATP and NAD ϩ peaks were measured for each sample and expressed in nanomoles per milligram of protein.
Quantitative Real-time PCR-RNA was isolated from whole cell lysates using the RNeasy kit (Qiagen, Valencia, CA). Subsequent first-strand cDNA synthesis was performed using oligo(dT) [12] [13] [14] [15] [16] [17] [18] primers and the reverse transcriptase SuperScript preamplification system (Life Technologies) according to the manufacturer's instructions. Quantitative real-time PCR was performed using SsoFast EvaGreen supermix with the CFX96 realtime system (Bio-Rad). Values were normalized to GAPDH, and -fold changes were calculated by the ⌬⌬Ct method. The following primer sequences were used: GADD45␣, 5Ј-GTGTGCTGGTG-ACGAACCCACAT-3Ј (forward), 5Ј-CCGTTCGGGGAATCA-CCGTCCG-3Ј (reverse); PUMA, 5Ј-CAGGGGCAGGCAAG-GGAAGC-3Ј (forward), 5Ј-GAAGCCGCACTGGGGACACC-3Ј (reverse); and GAPDH 5Ј-TCGGTGTGAACGGATTTGG-CCG-3Ј (forward), 5ЈTGAAGGGGTCGTTGATGGCAACA-3Ј (reverse). Primers were purchased from Integrated DNA Technologies (Coralville, IA).
Aconitase Activity-Mitochondrial aconitase activity in INS832/13 cells was determined using a coupled assay with isocitrate dehydrogenase as described previously (33) .
Western Blot Analysis-Equal amounts of protein from cell lysates were resolved by reducing SDS-PAGE and transferred to nitrocellulose membranes. Proteins were detected using primary antibodies at a 1:1000 dilution: phospho-AMPK (Thr-172), phospho-acetyl-CoA carboxylase (phospho-ACC), phospho-eIF2␣, phospho-GSK3␤ (Cell Signaling), phospho-ERK (anti-active MAPK polyclonal antibody), phospho-p38 (Promega, Madison, WI), PAR (Trevigen), ␥H2AX (Millipore), and GAPDH (Ambion), and detection was performed by enhanced chemiluminescence (34) using species-specific HRP-conjugated goat anti-mouse (1:10,000 dilution) or goat-anti-rabbit (1:7000) secondary antibodies.
Peroxynitrite Measurements-The formation of peroxynitrite was monitored in real time using the selective fluorescent probe, coumarin-7-boronate (10 M). Immediately after the addition of the probe, the formation of peroxynitrite was monitored by fluorescence (excitation, 332 nm; emission, 450 nm) for up to 4 h at 37°C as described previously (35) .
Statistical Analysis-Statistical comparisons were made between groups using one-way analysis of variance with Tukey post hoc test. The minimum level of significance was set at p Ͻ 0.05.
RESULTS
Differential Sensitivity of ␤-Cells to ROS and RNS-The effects of ROS (superoxide and hydrogen peroxide) and RNS (nitric oxide and peroxynitrite), on INS832/13 cell viability was examined following a 4-h incubation in the presence of the indicated concentrations of donors of each reactive species or redox cycling agent ( Fig. 1) . In a concentration-dependent fashion, the nitric oxide donor DPTA/NO decreases INS832/13 cell viability with half-maximal death observed at ϳ200 M (Fig.  1A) . In contrast, the peroxynitrite donor SIN-1 does not impact ␤-cell viability when added at concentrations up to 1 mM ( Fig.  1B) . Superoxide formation in response to treatment with the redox cycling agent menadione does not modify cell viability at concentrations up to 20 M; however, a sharp decrease in viability (70%) was induced in INS832/13 cells at 30 M (Fig. 1C ). Similar results were obtained with superoxide generated by a second redox cycling agent 2,3-dimethoxy-1,4-naphthoquinone (data not shown). As reported previously (26) , hydrogen peroxide is highly toxic to ␤-cells at concentrations above 100 M (Fig. 1D ). These findings indicate that ␤-cells are acutely sensitive to nitric oxide, superoxide, and hydrogen peroxide, but are not sensitive to peroxynitrite.
Activation of Signaling Pathways in Response to ROS and RNS-Because ␤-cells display differential sensitivity to reactive oxygen and nitrogen species, the signaling cascades activated in response to these oxidants were examined. INS832/13 cells were exposed to the nitric oxide donor DPTA/NO, peroxynitrite donor SIN-1, superoxide donor menadione, and hydrogen peroxide for 30 min, and the activation of signaling pathways that are known to be involved in the response of ␤-cells to cytokines was evaluated ( Fig. 2) . Nitric oxide and hydrogen peroxide activate AMPK as evidenced by enhanced phosphorylation of AMPK and its substrate acetyl-CoA carboxylase. At higher concentrations of hydrogen peroxide (400 M), the phosphorylation of acetyl-CoA carboxylase is diminished as compared with the levels observed at 100 M. This effect is most likely due to the high level of cell death observed at this concentration of hydrogen peroxide (Ͼ80%, Fig. 1D ). Consistent with previous studies (36) , AMPK activation in response to hydrogen peroxide is associated with the activation of PARP-1 as demonstrated by the accumulation of poly(ADP-ribose) (PAR) (37) . Also, hydrogen peroxide induces the rapid formation of ␥H2AX (the phosphorylated form of H2AX) indicative of DNA double-strand breaks and activation of the DNA damage response (38) . Nitric oxide and peroxynitrite donors do not stimulate PAR accumulation or ␥H2AX formation within 30 min of treatment, indicating that AMPK activation in response to nitric oxide is triggered by mechanisms that differ from the processes induced by hydrogen peroxide. Exposure of ␤-cells to a high concentration of menadione (40 M) also results in PAR formation. Consistent with many studies (39 -41) , nitric oxide stimulates the phosphorylation of eukaryotic initiation factor 2␣ (eIF2␣), an indicator of endoplasmic reticulum stress induction. GSK3 is the only cellular target, among those tested, that is phosphorylated in response to nitric oxide, peroxynitrite, and superoxide. Although GSK3 can be phosphorylated during unfolded protein response activation (42, 43) , we show that it is also phosphorylated in response to superoxide and peroxynitrite, reactive species that do not appear to activate the unfolded protein response (absence of eIF2␣ phosphorylation). This finding suggests that superoxide and peroxynitrite activate GSK3 through pathways independent of the unfolded protein response. Consistent with this interpretation, superoxide (44, 45) and peroxynitrite (46) have been shown to induce GSK3 phosphorylation through a PI3K/Akt-dependent pathway. MAPK are differentially activated by ROS and RNS. Nitric oxide stimulates p38 and ERK phosphorylation, and this activation is concentration-related as phosphorylation of these MAPK only occurs at higher concentrations of DPTA/NO (400 M). Superoxide also stimulates ERK phosphorylation at high concentrations, but it does not stimulate p38 phosphorylation. These findings indicate that the activation of signaling pathways is dependent on the type and concentration of reactive species. Nitric oxide stimulates the unfolded protein response, MAPK, and AMPK activation, whereas hydrogen peroxide only activates AMPK, and this is due to the induction of DNA double-strand breaks (␥H2AX formation) and the overactivation of PARP (PAR formation), leading to ATP depletion (47, 48) . Superoxide can dismutate to hydrogen peroxide spontaneously or in a reaction catalyzed by superoxide dismutase; however, we show that pathways activated by menadione (superoxide treatment) are selective and do not overlap with those activated by hydrogen peroxide. Overall, these findings indicate that the individual forms of ROS and RNS leave unique footprints of signaling pathway activation in ␤-cells.
ROS and RNS Effects on Metabolic Function-Because the inhibitory actions of cytokines on ␤-cell function and viability are associated with decreases in the activity of the Krebs cycle enzyme aconitase, the effects of ROS and RNS on aconitase activity were evaluated. Nitric oxide provided by DPTA/NO (100 M) treatment results in ϳ60% reduction in the activity of INS832/13 cell mitochondrial aconitase, and greater than 80% inhibition at 400 M donor (Fig. 3A) . In agreement with the lack of an inhibitory effect on cell viability, the peroxynitrite donor SIN-1 does not significantly decrease aconitase activity at concentrations up to 500 M (Fig. 3B) . In contrast, superoxide inhibits aconitase activity in a concentration-dependent manner, with half-maximal inhibition at 25 M. Hydrogen peroxide at 100 M inhibits aconitase activity by ϳ60% (Fig. 3, C and D) . At this concentration, hydrogen peroxide does not decrease INS832/13 cell viability, suggesting that mitochondrial aconitase in ␤-cells is sensitive to hydrogen peroxide at concentrations lower than the levels needed to reduce cell viability. To determine whether ROS and RNS inhibition of mitochondrial aconitase activity correlates with decreases in the generation of high energy intermediates, ATP levels were determined (Fig.  4A ). DPTA/NO decreases cellular ATP levels in a concentration-related fashion that correlates with the concentration-dependent inhibition of aconitase activity and loss in INS832/13 cell viability in response to this nitric oxide donor. This inhibition of mitochondrial aconitase activity and decreased levels of ATP also correlate with the enhanced phosphorylation of AMPK (Fig. 2) . Peroxynitrite generation by SIN-1 increases steady-state levels of ATP; however, this effect does not achieve statistical significance. It is somewhat surprising that exposure to superoxide does not modify ATP levels in INS832/13 cells as 50 M menadione inhibits aconitase and decreases the viability of INS832/13 cells. Like nitric oxide, hydrogen peroxide causes a reduction in ATP levels with almost complete depletion at 500 M. Because both nitric oxide and hydrogen peroxide decrease ATP levels and stimulate AMPK phosphorylation (Fig. 2) , the effects of nitric oxide and hydrogen peroxide on INS832/13 cell NAD ϩ levels were determined by HPLC (Fig. 4B) . Consistent with the overactivation of PARP-1, hydrogen peroxide was the only species of ROS and RNS to decrease steady-state levels of NAD ϩ in INS832/13 cells. In response to 100 M hydrogen peroxide, there is a 50% decrease in NAD ϩ levels and a complete depletion of NAD ϩ following a 1-h culture at 500 M. These observations are consistent with PARP-1 overactivation in response to hydrogen peroxide (Fig. 2) . When hyperactivated, PARP-1 catalyzes the cycling of NAD ϩ -dependent ribosylation of proteins, including itself, and deribosylation, resulting in the depletion of NAD ϩ and ATP (47, 48) . These findings suggest that the decrease in ␤-cell ATP levels in response to nitric oxide is the result of an inhibition of mitochondrial function, whereas hydrogen peroxide-dependent loss of ATP results from excessive PARP-1 activation.
Overactivation of PARP-1 Selectively Contributes to Hydrogen Peroxide Toxicity-The selective PARP-1 inhibitor, PJ-34, was used to evaluate the role of PARP-1 in the loss of INS832/13 cell viability in response to ROS and RNS treatment. PJ-34 attenuates hydrogen peroxide-mediated killing of INS832/13 Fig. 1 were plotted together with aconitase activity to show the concordance between these two parameters. Statistically significant changes from the untreated control are indicated (*, p Ͻ 0.05). MARCH 20, 2015 • VOLUME 290 • NUMBER 12 JOURNAL OF BIOLOGICAL CHEMISTRY 7955 cells (Fig. 5D) ; however, this PARP-1 inhibitor does not modify the toxicity of nitric oxide, superoxide, or peroxynitrite on the insulinoma cells. Consistent with protection against the loss of viability, PJ-34 attenuates the depletion of ATP and NAD ϩ in INS832/13 cells treated with 500 M hydrogen peroxide, preserving 90% of the cellular ATP pool (12.8 Ϯ 0.6 nmol ATP/mg of protein, p Ͻ 0.01) and 66% of the cellular NAD ϩ pool (0.79 Ϯ 0.01 nmol NAD ϩ /mg of protein, p Ͻ 0.01). Although the dismutation of superoxide results in the production of hydrogen peroxide, PJ-34 does not modify the effects of menadione on INS832/13 cell viability. These findings indicate that the cytotoxic effects of hydrogen peroxide on ␤-cells are partially regulated by the overactivation of PARP-1 and the depletion of cellular levels of ATP and NAD ϩ . The toxicity of superoxide does not appear to be due to the dismutation to hydrogen peroxide as PARP-1 inhibitors do not influence the levels of INS832/13 cell death in response to menadione. Like superoxide, nitric oxidemediated toxicity is not associated with PARP-1 overactivation.
Regulation of NO Signaling in ␤-Cells by Superoxide
The Effects of the Location of Superoxide Generation on Nitric Oxide-dependent Toxicity in ␤-Cells-In response to cytokine treatment, ␤-cells produce micromolar levels of nitric oxide, but due to the inability to produce superoxide, they do not have the capacity to generate peroxynitrite (26) . Further, activators of NADPH oxidase (superoxide-generating enzyme) fail to stimulate superoxide production by ␤-cells (26). To our surprise, when nitric oxide-producing ␤-cells are forced to gener-ate superoxide (when treated with a redox cycler), superoxide scavenges nitric oxide, forming peroxynitrite, and this results in the attenuation of nitric oxide-mediated toxicity in INS832/13 cells (26) . Consistent with this interpretation, peroxynitrite produced in response to SIN-1 is not toxic to ␤-cells. To examine whether the location of superoxide generation contributes to the response of ␤-cells to nitric oxide, the effects of superoxide produced within INS832/13 cells using the redox cycling agent menadione were compared with the production of superoxide outside of the INS832/13 cells using hypoxanthine and xanthine oxidase. In response to the nitric oxide donor DPTA/ NO, intracellular ATP levels decrease by nearly 80% within 2 h (Fig. 6A ). Superoxide produced within INS832/13 cells using menadione prevents this depletion of ATP (Fig. 6A ). In contrast, the generation of superoxide in the extracellular space following treatment with xanthine/xanthine oxidase does not modify the loss of ATP in DPTA/NO-exposed INS832/13 cells. The differences in responses are not due to differences in peroxynitrite production as superoxide produced within or outside nitric oxide-treated INS832/13 cells results in the formation of similar levels of peroxynitrite (Fig. 6B ). SIN-1 was used as a positive control for the detection of peroxynitrite, and concentrations of 100 M generate peroxynitrite at rates severalfold higher than the levels produced following treatment with DPTA/NO and menadione or DPTA/NO and xanthine oxidase.
The results described above suggest that the site of superoxide production is a primary determinant in the ␤-cell response to nitric oxide. Specifically, when superoxide is produced inside ␤-cells, it attenuates nitric oxide-mediated cellular events but not when it is generated outside of ␤-cells. To explore this hypothesis further, we examined the effects of superoxide produced within and outside of ␤-cells on nitric oxide-stimulated gene expression. Consistent with previous studies (49, 50) , treatment with the nitric oxide donor DPTA/NO results in ϳ3-4-fold increase in GADD45␣ and PUMA mRNA levels (Fig. 6, C and D) . Alone, intracellular (menadione) or extracel-FIGURE 6. The effects of the location of superoxide generation on its interactions with nitric oxide. A-E, INS832/13 cells were exposed to DPTA/NO (100 M), menadione (10 M), hypoxanthine (250 M) ϩ xanthine oxidase (XO, 2 milliunits/ml), alone or in combination, and to SIN-1 (100 M). A, following a 2-h incubation, the cells were harvested, and ATP levels, normalized to total protein, were determined by HPLC. B, peroxynitrite generation was determined by the oxidation of coumarin-7-boronate. RFU, relative fluorescence units. C and D, INS832/13 cells were treated with indicated compounds for 3 h, total RNA was isolated, and the accumulation of GADD45␣ (C) and PUMA (D) mRNA was determined by quantitative real-time PCR. E, cell viability was determined in a parallel set of experiments in cells treated with the indicated compounds for 4 h. The results are the averages of three independent experiments Ϯ S.D. Statistically significant changes from the untreated control are indicated by *, p Ͻ 0.05, and changes as compared with the DPTA/NO-treated cells are indicated by **, p Ͻ 0.05. lular (xanthine oxidase) superoxide production does not stimulate GADD45␣ and PUMA mRNA accumulation in INS832/13 cells (Fig. 6, C and D) . However, in combination with nitric oxide, menadione attenuates the stimulatory actions of nitric oxide on GADD45␣ and PUMA mRNA accumulation. Much like the effects on cellular ATP levels, extracellular production of superoxide does not modify GADD45␣ and PUMA mRNA accumulation in response to DPTA/NO treatment. To confirm that the location of superoxide generation affects the biological response, the viability of nitric oxide-treated INS832/13 was examined in the presence or absence of superoxide generated within or outside of ␤-cells. Approximately 30% of ␤-cells are killed following a 4-h incubation with DPTA/NO (Fig. 6E) . Alone, menadione is slightly toxic to INS832/13 cells as there is ϳ10% death following a 4-h incubation. In the presence of DPTA/NO, menadione attenuates nitric oxide-mediated toxicity to levels observed with menadione alone. When superoxide is generated in the extracellular space using xanthine oxidase, there is no protection from nitric oxide toxicity. These findings are consistent with the effects of superoxide on nitric oxide-mediated decreases in INS832/13 cell ATP levels (Fig. 6A ).
DISCUSSION
Cytokines released from inflammatory cells during islet inflammation have been proposed to participate in the development of autoimmune diabetes by impairing ␤-cell function and inducing ␤-cell destruction (1) . The damaging actions of cytokines on ␤-cell function are mediated by nitric oxide, produced in micromolar quantities following the induction of iNOS in ␤-cells (2) (3) (4) . Inhibitors of iNOS prevent the damaging actions of cytokines on insulin secretion, oxidative metabolism, protein synthesis, and DNA strand breaks, as well as the loss of ␤-cell viability (5, 33, 49) . In addition, cytokines fail to impair ␤-cell function or reduce the viability of islets isolated from iNOS-deficient mice (6) . Nitric oxide is known to interact with superoxide, resulting in the formation of the powerful oxidant peroxynitrite, and it has been generally assumed that this oxidant is the form of RNS that mediates cytokine-induced ␤-cell damage (17, 19) . In addition to RNS, excessive production of ROS may contribute to the destruction of pancreatic islets during diabetes development as oxidants such as hydrogen peroxide inhibit insulin secretion by a mechanism associated with impaired oxidative metabolism and decreased ATP levels in ␤-cells (51) .
The methodological development of coumarin-7-boronate as a selective peroxynitrite probe has allowed for the direct measurement of this powerful oxidant in cells (52) . We have used this probe to address whether ␤-cells have the capacity to produce peroxynitrite in response to cytokine treatment. Unlike macrophages, which generate peroxynitrite in response to LPS (iNOS inducer) and PMA (NADPH oxidase activator), cytokines fail to stimulate ␤-cell production of peroxynitrite alone, or in combination with PMA (26) . The lack of peroxynitrite generation by ␤-cells is associated with an inability to generate superoxide. Although cytokines stimulate iNOS expression and nitric oxide production, alone or in combination with PMA, cytokines do not stimulate superoxide generation by ␤-cells (26) . These findings are consistent with the absence of any changes in the response to cytokines of islets isolated from NADPH oxidase-deficient mice as compared with wild type controls (14) . Although ␤-cells do not appear to endogenously produce peroxynitrite, it is possible to generate this oxidant by treating islets with superoxide-generating redox cycling agents and nitric oxide donors. Under these conditions, we have shown that superoxide attenuates the inhibitory actions of nitric oxide on oxidative metabolism (26) . In contrast to the ␤-cell response, concomitant generation of superoxide and nitric oxide results in rapid killing of endothelial cells to levels that exceed the toxicity of either agent alone (29) . These findings suggest that the response to various reactive species is cell type-dependent.
To address the ␤-cell response to different reactive species, the effects of chemical donors that liberate nitric oxide (DPTA/ NO), peroxynitrite (SIN-1), superoxide (menadione), and hydrogen peroxide on ␤-cell viability, metabolism, signaling, and gene expression were examined. In response to nitric oxide and hydrogen peroxide, there is a concentration-dependent decrease in cell viability that is associated with decreases in aconitase activity and ATP content. Although the functional responses to these reactive species are similar, the mechanisms of toxicity differ in that hydrogen peroxide toxicity is associated with double-strand DNA breaks (␥H2AX formation), PARP-1 overactivation, and the subsequent depletion of ATP. Although nitric oxide causes DNA double-strand breaks, we have shown that PARP-1 is not activated by nitric oxide and does not participate in cytokine-induced death of islet and insulinoma cells (53) . Menadione is also toxic to INS832/13 cells in a concentration-related manner that is first evident at 20 M and maximal at 40 M. The toxicity to superoxide differs from hydrogen peroxide as PARP-1 inhibitors do not modify menadione-induced cell death and menadione does not stimulate ␥H2AX formation or decrease ATP or NAD ϩ levels in INS832/13 cells. Although NAD ϩ and ATP levels are maintained, menadione treatment inhibits aconitase activity in a concentration-related manner that is similar to the loss of INS832/13 cell viability. Peroxynitrite at concentrations up to 1 mM is not toxic to ␤-cells and does not modify aconitase activity. Together, the direct comparison performed in this study reveals that the responses of insulin-producing cells are selective for the individual reactive species. Nitric oxide, superoxide, and hydrogen peroxide are toxic to ␤-cells; however, the mechanisms of cell death as well as the effects on oxidative metabolism differ. Further, the signaling cascades activated by each form of ROS and RNS are selective and mechanism-dependent. Most surprising is the resistance or lack of response of insulin-producing cells to the powerful oxidant peroxynitrite.
It has been suggested that ␤-cells are highly sensitive to free radicals because they express low levels of antioxidant defense enzymes such as glutathione peroxidase and catalase (20 -22) . This statement is based on a comparison of enzymatic activity and expression levels of these antioxidant defense enzymes in pancreatic islets with other tissues. In addition, ␤-cells are sensitive to ROS and RNS as compounds such as menadione, hydrogen peroxide, and nitric oxide donors inhibit oxidative metabolism, reduce ATP levels, and result in toxicity to ␤-cells (this study and Ref. 26 ). The primary cellular sources of ROS include NADPH oxidase and leakage during uncoupled mitochondrial oxidation (10, 12) . In this regard, oxidative metabolism in ␤-cells is highly coupled such that 80 -90% of the carbons from glucose are oxidized to CO 2 , a percentage that is much higher than in most other cell types (54) . This oxidation is essential for the generation of ATP, a second messenger that inhibits potassium channel activity, allowing for membrane depolarization and insulin secretion in response to glucose (55) . Although studies suggest that superoxide is produced by ␤-cells in response to elevated concentrations of glucose and that it participates in glucose-stimulated insulin secretion (56) , no differences were found in the response of islets isolated from mice deficient in NADPH oxidase activity as compared with islets from wild type mice following treatment with cytokines or elevated levels of glucose (14) . These findings suggest that ␤-cells may not be weak in their antioxidant defense but may express antioxidant enzymes to levels appropriate for the levels of ROS and RNS that are produced.
It could be argued that ␤-cells are more sensitive to ROS generated from activated inflammatory cells migrating into islets during autoimmune-mediated damage (57) . This would suggest that the location of radical formation is an important factor controlling the individual cellular response. To address the role of the location of ROS generation, we examined the effects of superoxide produced within (menadione) and outside of ␤-cells (xanthine oxidase) on ATP levels and gene expression. We show that superoxide generated within ␤-cells prevents the decreases in ATP levels induced by nitric oxide, but fails to modify the nitric oxide-dependent decrease in cellular ATP pool when generated extracellularly. This is also the case for nitric oxide-dependent gene expression as superoxide generated in ␤-cells attenuates DPTA/NO-stimulated GADD45␣ and PUMA mRNA accumulation, whereas xanthine oxidase does not modify this expression. Importantly, under both conditions (sites of superoxide generation), similar levels of peroxynitrite are produced. These findings indicate that the location of superoxide generation may have dramatic effects on the ␤-cell response to ROS and RNS. When produced within cells, it is capable of scavenging nitric oxide and attenuating nitric oxide-dependent depletion in ATP levels and changes in gene expression. When made outside of ␤-cells, conditions that would mimic extracellular production by macrophages, it does not modify ␤-cell function. Although ␤-cells are often described to express low levels of antioxidant defense enzymes, resulting in enhanced sensitivity to free radicals, these findings suggest that they may indeed express antioxidant defense enzymes to levels required for the type and amount of reactive species produced. Consistent with this interpretation is the location of radical production, which seems to determine the cellular response. When forced to produce superoxide, ␤-cells are protected from nitric oxidemediated effects; however, when superoxide is formed outside of the cell, it does not modify the ␤-cell response to nitric oxide. These findings support nitric oxide as the primary mediator of the actions of cytokines on ␤-cell function, and the location of reactive species generation is a key determinant in the biological response elicited.
